To date, biomarkers based on nonconventional MRI have not been standardized for diagnosis and follow-up of patients with multiple sclerosis (MS). The sequential monitoring of pathogenesis in MS by imaging of the normal appearing brain tissue is an important research tool in understanding the early stages of MS. In this review, we focus on the importance of deciphering the physiopathogenesis of the disease cascade in vivo based on imaging biomarkers that allow a correlation with immunohistochemistry and molecular biology findings in order to provide earlier clinical diagnosis and better individualization of treatment and follow-up in patients with MS. Among the nonconventional imaging techniques available, we remark on the importance of proton magnetic resonance spectroscopy imaging because of its ability to assist in the simultaneous evaluation of different events in the pathogenesis of MS that cannot be determined by conventional MRI. Nonconventional MRI and the use of novel contrast agents are expected to elucidate the process of neuroinflammation and excitotoxicity in vivo that characterizes MS, thus leading to more specific neuroprotective and immunomodulatory therapies and reducing progression toward disability.
As the most common nontraumatic cause of neurologic disability in early to middle adulthood, multiple sclerosis (MS) is a complex immune-mediated disorder of the CNS characterized by inflammation, demyelination, gliosis, axonal degeneration, and neuronal loss. It is estimated that worldwide close to 2.5 million individuals are affected by MS, and there are at least 400,000 patients diagnosed with MS in the United States. 1 The estimated total direct and indirect cost of MS in the United States is close to $28 billion each year, and the annual cost of care for individuals with MS, excluding cost of drugs, is on average 4.5 times that of healthy controls. This cost of care escalates in direct proportion to the increment in the Expanded Disability Status Scale (EDSS) score of affected individuals. Hence, stopping or reversing disease progression is a priority. This therapeutic endeavor is becoming a reality thanks to novel techniques in image analysis, in particular related to MRI, and to the advances in immunotherapy over the last 2 decades. In a redefinition of therapy goals with new modifying agents for MS, freedom from disease (characterized by absence of relapses, absence of disability, and absence of radiologic evidence of disease activity) is increasingly seen as the measure of treatment success. 2 Here, we focus on the importance of achieving freedom from disease based on the appropriate use of currently available MRI techniques. A determining factor for a better prognosis of MS is the elimination of progression of inflammation and neurodegeneration in an early stage of the disease. Hence, the decision to start and maintain treatment in patients with early forms of MS such as typical and atypical clinically isolated syndrome (CIS), radiologically isolated syndrome (RIS), and early relapsing-remitting MS (RRMS) has been a challenge for the neurologist in clinical practice. In fact, according to a survey regarding current MS practice patterns for CIS, RRMS, and RIS, US-based MS specialists considered RIS possibly indicative of clinically definite MS risk and remarked on the importance of MRI and clinical follow-up but were unlikely to recommend initiating treatment for RIS. 3 The McDonald criteria of 2010 made it possible to diagnose MS with the first episode of disease, therefore reducing the number of events before definitive clinical diagnosis, which made it difficult to demonstrate any statistical differences between the treatments. 4, 5 In addition, clinical judgment in MS usually stems from the support provided by both clinical assessment and conventional MRI (cMRI) data. However, the dissociation between clinical presentation and cMRI findings is well-known, indicating that an increment in lesion load on cMRI may not necessarily be associated with clinical manifestations and that clinical manifestations may not present concomitantly with changes in cMRI. Therefore, it is imperative to consider additional methodology in clinical practice, such as the use of nonconventional MRI techniques for the analysis of biomarkers of MS activity. This methodology allows the determination of cerebral microstructural, functional, and biochemical abnormalities, as well as disruption of the blood-brain barrier (BBB), before these abnormalities could be detected by cMRI. This step could assist the clinician in tailoring early individual therapeutic interventions that may eliminate disease progression.
In order to choose an optimal and individualized therapy for patients with MS, it is important to understand the sequence of events that takes place in the pathogenesis of the disease, even though the precise role and time of intervention of several contributing pathogenic factors have not been clearly established. Among these factors is the disruption of the BBB allowing the influx and accumulation of lymphocytes into the meninges and perivascular spaces and most likely taking place in an early stage of the disease. These inflammatory infiltrates are composed of T lymphocytes, B lymphocytes, plasma cells (including macrophages), activated microglia, and dysfunctional astrocytes. 6, 7 The vulnerability of oligodendrocytes and neurons to injury may also be promoted by dysfunctional astrocytes 8 and by oxidative stress induced by the production of free radicals and release of cellular iron deposits, leading to mitochondrial injury. 6 These factors also include the role played by CNS macrophages mainly derived from blood monocytes and resident microglia. 9 The role of the microglia entails a state of permanent surveillance and protection against any signal of aggression toward the homeostasis of the CNS. 10 What ultimately triggers demyelination in MS still deserves further investigation. There is evidence supporting the existence of a "demyelinating factor," which could entail the combination of B-cell cytokines 11 as supported by therapeutic effects of B-cell depletion. 12 It has also been postulated that humoral-and complement-mediated responses may lead to demyelination and damage to the oligodendroglia and that axonal degeneration may occur in a nonuniform distribution during the acute phase of demyelination, even within demyelinating plaques in the brain of the same individual. 6 Astrocytopathy should also be considered a crucial factor in the physiopathogenesis of MS given that astrocytes are involved in the development, regulation, and maintenance of the BBB 13 ; influx of toxins and ions such as K 1 and Ca 21 ; maintenance of the physiologic pH; modulation of axonal action potential propagation; clearance of neurotransmitters, especially glutamate, in the extracellular space; and regulation of iron metabolism. 14 Complete understanding of the cascade of events involved in the etiology and pathogenesis of MS is still a challenge that, once overcome, may allow earlier diagnosis and more efficient treatments. Current research may be on the verge of deciphering this cascade of events in vivo, with the support of in vitro studies, thanks to the development of animal models that recreate different phenotypes of disease (monophasic, relapsing-remitting, chronic-progressive, or chronic-relapsing disease depending on the animal strains and immunogens used) and to the availability of advanced MRI sequences that allow evaluation before and during progression of disease in individualized animals. 15 In spite of the outcome of previous studies based on animal models and human autopsy data, it is crucial to document the sequence of pathologic events leading to MS in humans in vivo in order to validate new biomarkers of disease activity. Therefore, application of nonconventional MRI techniques to determine an active pathologic process in macroscopically normal appearing brain tissue (NABT) may lead to a better understanding of the BBB impairment in MS. 16 This may also include better visualization of the white matter microstructure using diffusion tensor imaging (DTI), mapping of brain iron deposits by susceptibility-weighted imaging (SWI), and evaluation of the cerebral biochemical state during cascade of the inflammatory process, including demyelination and mitochondrial and astrocytic dysfunction, by proton magnetic resonance spectroscopy imaging ( 1 H-MRSI) (table) . Disruption of the BBB in NABT has been suspected to begin before the onset of demyelination and infiltration of leukocytes in MS lesions. 16 Evidence has shown extensive increase in BBB permeability in periventricular normal appearing white matter (NAWM), especially in areas quick to develop lesions, as well as in the thalamic nuclei in patients affected by RRMS. 16 However, there has been no evidence that correlates alteration in BBB with age, EDSS, and disease duration. In progressive MS, the inflammatory process remains entrapped within the CNS despite a closed or repaired BBB and in the presence of accumulated lymph follicles within the meninges. 17, 18, 6 In these subpial lesions, diffusible factors from the CSF may play a role in the significant presence of activated microglia. 10 Also, it has been shown that immunomodulatory therapy has the ability to repair the dysfunction of the BBB in MS. 16 To our knowledge, evidence of BBB dysfunction in NABT other than the presence of contrastenhancing lesions has not been reported in CIS or RIS. Whether BBB dysfunction or infiltration of circulating autoreactive T cells is a requirement for the development of MS lesions remains controversial. 16 Disruption of the BBB may be induced by the release of matrix metalloproteinase-9 from pericytes and CSF T cells. 19, 20 In pathologic conditions, Abbreviations: 1 H-MRSI 5 proton magnetic resonance spectroscopy imaging; BBB 5 blood-brain barrier; CHO 5 choline; CR 5 creatine; DCE 5 dynamic contrast enhancement; DTI 5 diffusion tensor imaging; GLX 5 glutamate-glutamine complex; Lac 5 lactate; mI 5 myo-inositol; NAA 5 N-acetylaspartate; SWI 5 susceptibility-weighted imaging.
astrocytes and mainly microglia release large amounts of tumor necrosis factor a (TNFa), which can potentiate glutamate-mediated cytotoxicity on astrocytes. 21 The SWI sequence and quantitative susceptibility mapping allow the visualization of iron deposits in the CNS in the forms of deoxyhemoglobin, ferritin, or hemosiderin. 22, 23 Accumulation of iron in oligodendrocytes increases with aging and disease duration, eventually contributing to further cell injury due to oxidative stress and incremental mitochondrial damage. In addition, the release of iron from oligodendrocytes is more prominent in progressive disease than in the relapsing form. 7 The in vivo determination of iron accumulation, with follow-up starting right after diagnosis, could become a useful biomarker to identify disease progression in its early stage.
DTI evaluates the motion of water molecules in tissues. Histologic studies have suggested that changes seen in the NAWM by DTI could result from wallerian degeneration. 24 Abnormalities in diffusion have been reported in all phenotypes of MS, including CIS, and in spinal tissue of patients with MS and neuromyelitis optica (NMO). 24 DTI allows for differentiation between axonal changes and demyelination even in NAWM. 24, 25 Since MS could be mistaken for relapsing NMO, DTI differentiates between spinal cord abnormalities in MS and NMO, leading to early diagnosis and treatment. 24, 25 Increased mean diffusivity in white matter that communicates with spinal cord or optic nerve tracts in patients with NMO is believed to result from secondary degeneration due to lesions primarily located in the spinal cord or the optic nerve, respectively. 26 The 1 H-MRSI sequence allows an in vivo evaluation of different cerebral metabolites associated with cellular and functional processes. Among the metabolites determined with this technique are the following: (1) N-acetylaspartate (NAA), which is synthesized in the neuronal mitochondria and is considered a marker of neuronal body and axonal integrity depending on transient (mitochondrial dysfunction) or permanent reduction of NAA (irreversible neuronal and/or axonal injury). 27, 28 In fact, decreased brain NAA/creatine (CR) ratio, indicating brain metabolic abnormalities suggestive of axonal damage, has been recently reported in patients with RIS, 29 (2) CR, which represents cellular metabolism and energy systems and therefore reflects changes in cellular density and/or gliosis. 28 (3) Choline, which is a marker of cellular membrane turnover of phospholipids synthesis and degradation and correlates with phospholipid release during active demyelination.
28,30 (4) Myo-inositol (mI), which is synthesized in glial cells and has been associated with gliosis. 28 The mI/NAA ratio in NAWM has been reported to be a strong cross-sectional predictor of brain-volume loss and clinical disability evolution in patients with CIS, RRMS, secondary progressive MS (SPMS), and primary progressive MS (PPMS).
31 (5) The glutamate-glutamine complex (GLX). Glutamate is the major excitatory neurotransmitter in the CNS regulated by the astrocytes in interstitial space 14 and may be produced and released by activated leukocytes, macrophages, and microglial cells. 30 Glutamate release and clearance is determined directly by the interaction between neurons and astrocytes and indirectly by microglia-released TNFa. 10 In a population of patients with different forms of MS, Azevedo et al. 32 found that high concentrations of glutamate correlated with reduction of NAA and cerebral volume and decline of performance on the Multiple Sclerosis Functional Composite and the Paced Auditory Serial Addition Test-3. (6) Lactate, the presence of which may reflect metabolic disorders, especially mitochondrial dysfunction and/or presence of inflammatory cells.
28,14 (7) Glutathione, which is useful for the evaluation of oxidative stress and has been found to be reduced in patients with SPMS. 30 (9) Macromolecules, which may correspond to markers of myelin fragments. 30 The extended use of 1 H-MRS in clinical settings has been hampered by its technical demands. 30 However, because of its ability to assist in simultaneous evaluation of different events involved in MS pathogenesis that cannot be determined by cMRI, 1 H-MRSI could become an important tool to decipher the sequence of the immunologic cascade and to evaluate the response to new disease-modifying agents, including neuroprotectants.
The combined use of the abovementioned nonconventional MRI biomarkers could lead to a better understanding of different aspects of the disease process and play a key role in early diagnosis and prognosis of the disease, assessment of therapeutic response, and the understanding of different MS phenotypes. 34 For instance, in studies of the early-onset Alzheimer disease (AD) PSEN1 E280A mutation, 1 H-MRSI made it possible to establish a framework that helped identify mutation carriers, controls, asymptomatic patients with metabolic changes suggestive of subclinical AD, and symptomatic patients. 35 In the evaluation of patients with MS, the heterogeneity of results reported in different studies using different MRI techniques could have been related to differences in disease stage, disease phenotype, effect of pharmacologic intervention, quantification method, and the cerebral region chosen for evaluation. 30 Cortical lesions and volume loss should not be overlooked since, on top of preceding the finding of white matter lesions by cMRI, they may also be associated with clinical disability, cognitive impairment, and progression of disease. The introduction of new pulse sequences, high-resolution imaging, and increased field strengths has led to an early detection of cortical damage in patients with MS. 36 Contrast agents that have offered insight into the pathogenesis of MS in vivo include (1) iron nanoparticles and microparticles that identify mechanisms of expression of endothelial inflammatory markers and VCAM-1, follow the migration of monocytes into the CNS, and help target specific immune cells and oligodendrocytes; and (2) gadoliniumbased agents useful in evaluation of myelin content, enzyme activity present in active lesions, and BBB leakage. 15, 27 In conclusion, current and advanced MRI technology may allow the determination of lesion biomarkers in NABT, thus increasing the ability to modify the definition of disease activity, establish new diagnostic criteria, provide more assertive prognosis, and compare response to specific treatments more accurately. From a clinical standpoint, this step may help to lower the incidence of significant disability among patients with MS in the future by facilitating early diagnosis and early individualized application of specific immunomodulatory and/or neuroprotective treatments.
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